Complexes based on the Rh~2~^4+^ core are the most well-studied metal--metal (M--M) bonded compounds *vis-à-vis* cancer drug research.^[@ref1]^ The first reports concerning the carcinostatic activity of dirhodium compounds appeared a few years after the discovery of the antitumor properties of cisplatin by Barnett Rosenberg,^[@ref2]^ when John Bear reported that dirhodium tetraacetate (Rh~2~(μ-O~2~CCH~3~)~4~, Figure [1](#fig1){ref-type="fig"}) increased the survival time of mice bearing Ehrlich ascites and L1210 tumors.^[@ref3],[@ref4]^ Various anticancer dirhodium compounds with different equatorial bridging ligands^[@ref5],[@ref6]^ as well as chelating polypyridyl ligands^[@ref7],[@ref8]^ have been reported over the years that exhibit antitumor properties comparable to or better than those of cisplatin. A combination of X-ray crystallography, NMR spectroscopy, mass spectrometry, and biological studies performed in our laboratories and others provides strong evidence that dirhodium tetracarboxylate and formamidinate complexes bind covalently to DNA purines, nucleotides, dinucleotides, and single-stranded and double-stranded DNA, suggesting that nuclear DNA is a potential target of dirhodium compounds *in vivo*,^[@ref1]^ possibly mimicking the mechanism of action of cisplatin.^[@ref9]^

![Molecular structures of (a) Rh~2~(μ-O~2~CCH~3~)~4~ and (b) compound **1**. L denotes a coordinated axial solvent molecule.](ja-2014-03774m_0001){#fig1}

In 2009, our group reported that compounds of general formula \[Rh~2~(μ-O~2~CCH~3~)~2~(η^1^-O~2~CCH~3~)(NˆN)(CH~3~OH)~3~\]^+^ (NˆN is a polypyridyl ligand) are active against COLO-316 and HeLa cancer cells.^[@ref10]^ The most active complex, \[Rh~2~(μ-O~2~CCH~3~)~2~(η^1^-O~2~CCH~3~)(dppz)(CH~3~OH)~3~\]^+^ (**2**; dppz = dipyrido\[3,2-*a*:2′,3′-*c*\]phenazine, [Figure S1](#notes-1){ref-type="notes"}), is able to induce DNA strand breaks *in cellulo* at concentrations similar to that of cisplatin. A closely related compound with two NˆN ligands, namely \[Rh~2~(μ-O~2~CCH~3~)~2~(dppn)(dppz)(CH~3~OH)~2~\]^2+^ (**3**; dppn = benzo\[*i*\]dipyrido\[3,2-*a*:2,3-*c*\]phenazine, [Figure S1](#notes-1){ref-type="notes"}), was found to be active against the same cancer cell lines,^[@ref11]^ but it does not induce DNA damage at its cytotoxic concentration, supporting the contention that other mechanisms of action are switched on simply by changing the ligand environment around the dimetal unit.^[@ref11]^

Recently, Che and co-workers^[@ref12]^ initiated a bioinformatics approach to identify the cellular targets of six dirhodium tetracarboxylate compounds, including the highly cytotoxic compound Rh~2~(μ-O~2~CCH~2~CH~2~CH~3~)~4~. Results indicate that the biological signatures of these compounds are similar to that of the proteasome inhibitor MG-262, evidence that the ubiquitin--proteasome system (UPS) is a target of these compounds. Interestingly, it was also found that the highly cytotoxic dirhodium tetrapyrrolidinonato paddlewheel compound^[@ref12]^ does not inhibit UPS or cause DNA damage, supporting the hypothesis that different cellular targets can be reached by fine-tuning the nature of the equatorial ligands around the Rh~2~^4+^ core.

In an effort to obtain further insight into the intracellular fate of dirhodium compounds and to identify key targets, we undertook the task of synthesizing and studying the subcellular localization of the fluorophore-labeled compound \[Rh~2~(μ-O~2~CCH~3~)~2~(η^1^-O~2~CCH~3~)(phenbodipy)(H~2~O)~3~\]\[O~2~CCH~3~\] (**1**; Figure [1](#fig1){ref-type="fig"}) in human lung adenocarcinoma (A549) cells using laser scanning confocal fluorescence microscopy (Zeiss 510 Meta NLO). To our knowledge, compound **1** constitutes the first example of a M--M bonded compound tethered to a fluorescent organic probe.

To label the Rh~2~^4+^ core, the polypyridyl ligand phenbodipy (Figure [1](#fig1){ref-type="fig"}), which incorporates a green fluorescent bodipy moiety (4,4-difluoro-4-bora-3a,4a-diaza-*s*-indacene), was synthesized in three steps, as shown in [Figure S2](#notes-1){ref-type="notes"}. It was obtained in good yields as a bright orange solid and characterized by NMR spectroscopy ([Figure S4](#notes-1){ref-type="notes"}) and ESI-MS (*m*/*z* = 599.24 for \[phenbodipy+H\]^+^). The dirhodium compound **1** was prepared by reacting Rh~2~(μ-O~2~CCH~3~)~4~ with 1 equiv of phenbodipy in acetone for 24 h. The orange precipitate was suspended in methanol and stirred for another 24 h; the desired compound was obtained as an orange-brown solid upon precipitation with diethyl ether and was characterized by ESI-MS, NMR spectroscopy, and elemental analysis. The mass spectrum in methanol ([Figure S5](#notes-1){ref-type="notes"}) contains three main peaks corresponding to \[M-O~2~CCH~3~-H\]^+^ (*m*/*z* = 921), \[M\]^+^ (*m*/*z* = 981), and \[M+CH~3~OH\]^+^ (*m*/*z* = 1013), where M = \[Rh~2~(μ-O~2~CCH~3~)~2~(η^1^-O~2~CCH~3~)(phenbodipy)\]^+^.

The aliphatic region of the ^1^H NMR spectrum of **1** is shown in Figure [2](#fig2){ref-type="fig"}; the spectra of the related compounds \[Rh~2~(μ-O~2~CCH~3~)~2~(η^1^-O~2~CCH~3~)(NˆN)(H~2~O)~3~\]\[O~2~CCH~3~\], where NˆN = 1,10-phenanthroline (Rh~2~phen) and 2,2′-bipyridine (Rh~2~bpy), are also included (full spectra are included in [Figures S6, S8, and S9](#notes-1){ref-type="notes"}). Compound **1** exhibits two singlet proton resonances at 1.02 and 1.06 ppm for the methyl group of η^1^-O~2~CCH~3~^--^ (Figure [2](#fig2){ref-type="fig"}a), in contrast to one singlet for Rh~2~phen (1.05 ppm, Figure [2](#fig2){ref-type="fig"}b), Rh~2~bpy (1.31 ppm, Figure [2](#fig2){ref-type="fig"}c), and **2** (1.11 ppm)^[@ref11]^ for the same ligand. Since phenbodipy does not possess the *C*~2*v*~ symmetry of phen or bpy, compound **1** exists as a 1:1 mixture of geometric isomers that differ only by the relative position of the η^1^-O~2~CCH~3~ ligand with respect to the triple bond of phenbodipy ([Figure S7](#notes-1){ref-type="notes"}). The presence of four singlet resonances for the bridging ligands (μ-O~2~CCH~3~^--^) in **1** at 2.31, 2.32, 2.36, and 2.37 ppm (Figure [2](#fig2){ref-type="fig"}a) further supports the existence of two geometric isomers.

![Portion of the ^1^H NMR spectra of (a) **1**, (b) Rh~2~phen, and (c) Rh~2~bpy in CD~3~OD, 500 MHz. The peaks marked with asterisks correspond to the −CH~3~ groups of bound phenbodipy.](ja-2014-03774m_0002){#fig2}

The electronic absorption spectra of phenbodipy and **1** are shown in Figure [3](#fig3){ref-type="fig"}a. Both compounds exhibit an absorption maximum at 500 nm, with similar intensities (ε = 6.7 × 10^4^ and 5.9 × 10^4^ M^--1^ cm^--1^, respectively), that corresponds to a ^1^ππ\* ligand-centered (LC) transition involving the bodipy moiety. Their absorption maxima in the UV region arise from superimposed ^1^ππ\* LC transitions of both bodipy and phenanthroline moieties. Compound **1** exhibits Rh~2~(π\*)→phen(π\*) ^1^MLCT transitions in the 400--450 nm range (ε ≈ 4 × 10^3^ M^--1^ cm^--1^), similar to the features reported for Rh~2~phen (415 nm, ε = 2.4 × 10^3^ M^--1^ cm^--1^) and Rh~2~bpy (424 nm, ε = 2.1 × 10^3^ M^--1^ cm^--1^).^[@ref13]^ Additionally, **1** exhibits a weak metal-centered Rh~2~(π\*)→Rh~2~(σ\*) transition at 625 nm (ε = 360 M^--1^ cm^--1^, [Figure S10](#notes-1){ref-type="notes"}), which is also observed for Rh~2~phen (600 nm, 220 M^--1^ cm^--1^), Rh~2~bpy (598 nm, ε = 215 M^--1^ cm^--1^), and related dirhodium compounds.^[@ref13]−[@ref15]^ As expected, phenbodipy is fluorescent; the emission maximum is at 512 nm (λ~ex~ = 496 nm) and the fluorescence quantum yield (Φ~F~) is 20% in aerated methanol solution, in agreement with similar systems.^[@ref16]^ The emission of phenbodipy in **1** is not completely quenched, with an emission maximum at 514 nm and Φ~F~ = 5% (Figure [3](#fig3){ref-type="fig"}b) in the same solvent.

![(a) Absorption spectra of phenbodipy (red) and **1** (blue) in MeOH. (b) Absorption (blue) and normalized emission (green, λ~ex~ = 496 nm) spectra of **1**.](ja-2014-03774m_0003){#fig3}

Tethering a fluorophore to non-luminescent metal drugs is a successful strategy for tracking their intracellular distribution using fluorescence microscopy.^[@ref17]^ In fact, this approach has been vital for understanding the mechanism of action of Pt(II) drugs. For example, imaging studies of fluorescein-labeled cisplatin analogues in U2-OS human osteosarcoma and ovarian carcinoma cells showed that these Pt drugs are sequestered into lysosomes, that they are accumulated into the nucleus and Golgi-derived vesicles, and also that they are colocalized with the copper efflux transporters ATP7A and ATP7B.^[@ref18]−[@ref20]^ Platinum drugs formed by linking cisplatin units with anthraquinone^[@ref21]^ or with fluorescein-labeled diamine linkers^[@ref21]^ have been shown to accumulate in the nucleus of U2-OS cells. Although the emission from phenbodipy is partially quenched when the ligand is bound to the dimetal unit, we were nevertheless able to perform live cell imaging studies in cancer cells.

A549 cells were incubated with phenbodipy (1 μM) and **1** (1 μM) at 37 °C. As the images in Figure [4](#fig4){ref-type="fig"} attest, the cellular distributions of these compounds are different. The green fluorescence from phenbodipy indicates that the organic ligand is diffusely distributed throughout the cytoplasm, whereas **1** displays scattered distribution in the cytoplasm after 2 h of incubation. The fluorescence images did not change over a 24 h period ([Figure S11](#notes-1){ref-type="notes"}). The distribution pattern of **1** is similar to that reported for Ru--polyarginine conjugates and could indicate that endocytosis is the mechanism of uptake.^[@ref23]−[@ref25]^ The fact that the fluorescence emission distributions of phenbodipy and **1** are different suggests that the fluorophore is not detached from the dirhodium core in the time frame of the experiments and that the cellular localization of **1** is dictated at least in part by the presence of the tethered dimetal moiety.^[@ref17]^ If detachment of the fluorophore were occurring, its emission intensity would increase considerably (since the Φ~F~ for phenbodipy is 4-fold greater than when it is bound to the Rh~2~ fragment) and the cellular distribution would change, neither of which was observed.

![Confocal fluorescence images (143 μm × 143 μm) of 1 μM phenbodipy and 1 μM **1** after 2 h of incubation.](ja-2014-03774m_0004){#fig4}

To obtain further information on the subcellular localization of **1**, colocalization experiments with Lysotracker and Mitotracker (lysosome- and mitochondria-specific fluorescent trackers, respectively) were performed. These experiments were carried out at 10 and 100 μM concentrations since **1** is not cytotoxic in the 1--100 μM range. As shown in Figure [5](#fig5){ref-type="fig"}a, there is a good superposition pattern between the green fluorescence emission from **1** and the red fluorescence emission from Lysotracker after 5 h of incubation. The Mander's colocalization coefficient was 39.9 ± 4.0% (mean ± SD) at 10 μM **1**, indicating that there is ∼40% colocalization of the green fluorescence signal of **1** with the red fluorescence signal of Lysotracker. The coefficient is slightly larger (44.8 ± 4.4%) when the cells are incubated with 100 μM **1** for 5 h. After 24 h of incubation, the colocalization coefficients with Lysotracker decreased to 33.5 ± 6.0% and 32.3 ± 3.8% for 10 and 100 μM **1**, respectively. In the case of the localization of **1** in mitochodria (Figure [5](#fig5){ref-type="fig"}b), the colocalization coefficients with Mitotracker were calculated to be 24.8 ± 2.3% and 31.0 ± 2.7% for 10 and 100 μM **1**, respectively, after 5 h of incubation, and remained essentially the same after 24 h of incubation at both concentrations ([Figure S12](#notes-1){ref-type="notes"}). These results indicate that **1** localizes preferentially in lysosomes over mitochondria and that increasing the incubation time or concentration of **1** does not change its subcellular localization. Lysosome or mitochondria localization has also been reported for Ru compounds incorporating the dppz ligand^[@ref26]^ and free-base porphyrin--Ru(II) conjugates.^[@ref27]^

![Confocal fluorescence images (105 μm × 105 μm) of (a) 10 μM **1** + Lysotracker and (b) 10 μM **1** + Mitotracker after 5 h of incubation.](ja-2014-03774m_0005){#fig5}

Interestingly, green fluorescence emission from **1** was not observed in the nucleus of the cells in the 1--100 μM range of concentrations (Figure [6](#fig6){ref-type="fig"}). Although the intracellular distribution of **1** seems to be influenced mainly by the presence of the Rh~2~^4+^ moiety, it is possible that the tethered bodipy fluorophore is influencing its biological properties and subcellular localization, which could explain the exclusion of **1** from the nucleus. The influence of a fluorophore on the localization of Ru(II) polypyridyl complexes conjugated to [d]{.smallcaps}-octaarginine peptides has been documented by Barton and co-workers,^[@ref23]^ where the intracellular localization of the Ru--peptide conjugate changed when fluorescein was covalently attached. The uptake of **1** was also measured after 24 h of incubation at 10, 50, and 100 μM concentrations. The mean emission intensity of **1** did not increase at concentrations greater than 50 μM ([Figure S13](#notes-1){ref-type="notes"}), which could explain why the colocalization coefficients with Lysotracker (or Mitotracker) do not increase when the concentration was increased 10-fold.

![Confocal fluorescence images (75 μm × 75 μm) of Hoechst 33258 (nuclear stain) + 10 μM **1** after 24 h of incubation.](ja-2014-03774m_0006){#fig6}

To summarize, the first example of a M--M bonded compound incorporating an organic fluorophore has been synthesized. The present results with compound **1** indicate that dirhodium compounds can be tagged with fluorescent probes and that the intracellular localization is dictated at least in part by the tethered metal complex since the cellular distribution pattern of **1** differs from that of the free phenbodipy ligand. Compound **1** was found to target mainly lysosomes and mitochondria at concentrations in the 1--100 μM range, with a slight preference for the former organelle (∼1.4-fold). In contrast to the closely related compound **2** (see molecular structure in [Figure S1](#notes-1){ref-type="notes"}), which targets the nucleus and induces DNA damage, compound **1** does not localize in the nuclei of A549 cells, evidence that supports the contention that various cellular organelles can be targeted by tuning the ligands of the dirhodium unit. In this vein, further studies are underway in our laboratories to modify the nature and lipophilicity of the fluorophore, to change its position relative to the dirhodium core (equatorial binding versus covalently attached to the bridging carboxylate ligands) in order to improve the uptake and cytotoxicity of this new type of fluorescent dirhodium compound. Ultimately, the aim is to gain deeper insight into the anticancer properties of this interesting class of M--M bonded compounds. Moreover, the current study provides an impetus for probing the biological properties of other multicenter inorganic complexes, since the same strategy can be used to label diruthenium^[@ref28]^ and dirhenium^[@ref29]^ anticancer compounds. It is worth pointing out that the realization that Rh--Rh bonded compounds can be successfully tagged with light-harvesting units such as bodipy will positively impact other research areas, such as the use of dirhodium compounds as photocatalysts,^[@ref30]−[@ref32]^ since attaching a moiety with a high molar absorptivity to the dimetal core is expected to improve the efficiency of such catalytic systems.

Experimental procedures, NMR and electronic absorption spectra, and microscopy images. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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